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Abstract—Analyzing the interactions between transmission and
distribution (T&D) system is becoming imperative with the
increased penetrations of distributed energy resources (DERs)
on electric power distribution networks. An assessment of the
impacts of distribution system connected DERs on the trans-
mission system operations is required especially pertaining to
system unbalance when modeling both T&D systems. In this
paper, a coupled T&D analysis framework is developed through
co-simulation approach. The framework utilizes legacy software
to separately solve the decoupled T&D models. The T&D
interactions are captured by exchanging network solutions at the
point of common coupling (PCC). The proposed co-simulation
framework adopts an iterative coupling approach resulting in a
co-simulation model close to a stand-alone T&D platform. The
proposed framework is tested using IEEE-9 bus transmission
system model and EPRI’s Ckt-24 test distribution feeder model.
A case study in which the IEEE 9 bus model interfaced with three
ckt24 models is also presented to demonstrate the scalability of
the approach. The conditions of convergence by exchanging the
boundary variables at the PCC are examined in detail using
several case studies with varying levels of load unbalance.
Index Terms—Transmission & Distribution Co-simulation, it-
erative coupled model, three-phase analysis.
I. INTRODUCTION
With the incentivized rapid decarbonization of electric
power generation industry and aggressive renewable portfolio
standards (RPS) in most states, the electric power delivery
(T&D) system is expected to transform rapidly in the fore-
seeable future [1], [2]. Several exploratory studies and field
demonstrations have pointed out that the new and recent de-
velopments including the integration of DERs, electric vehicle
loads, and energy storage units are increasing the stress on
power delivery systems [3], [4]. Unfortunately, most of the
existing DER interconnection studies evaluate the integration
challenges of high DER penetrations either only at the distri-
bution level or on a decoupled T&D system [5]. It is expected
that the ongoing and future large-scale DER deployment
projects can potentially affect the regional transmission grid
operations. The situation worsens in rural areas where the
distribution system is lightly loaded and covers an extended
area with low load density. The aforementioned changes are
transforming the notions used to analyze the power system
operations. The decoupled analysis of T&D system is no
longer adequate, calling for new tools capable of capturing the
interactions between the transmission and distribution systems.
Lately, multiple frameworks to model T&D interactions
have been proposed in the literature. Based on the used
approach, these frameworks are primarily categorized as fol-
lowing: 1) Standalone unified tools using an integrated power
system modeling, 2) Co-simulation tools to combine multiple
interacting domains. The standalone unified framework models
both T&D systems as one network [6], [7]. The major lim-
itation of such modeling approach is the cost of simulation.
Given that distribution networks contain 100s-1000s of nodes,
a standalone model is usually too complex to simulate and
analyze. In co-simulation approach, a hierarchical model is
developed where single transmission-level representation con-
nects to a large number of distribution systems that are run
in parallel [8], [9]. Unfortunately, the existing co-simulation
platforms for integrated T&D system analysis uses balanced
positive sequence ac power flow for transmission system and
loosely couples T&D networks. With the increasing levels of
system imbalance in the distribution system resulting from
single-phase small-scale DER integration, analysis done with
three-phase balanced positive sequence approach may not be
sufficient to evaluate the power quality impacts. Furthermore,
loosely coupling the T&D systems limits the expandability of
the existing framework to operations with faster dynamics.
A recent article addresses the above two concerns by
modeling transmission system operation using sequence com-
ponent analysis and iteratively coupling the T&D systems [10].
However, a small distribution network with 8 nodes is used in
their model. The convergence properties for T&D coupling
with the increased levels of system unbalance for a large-
scale distribution system require further attention. Considering
the above-mentioned limitations in the existing literature, this
paper presents a T&D co-simulation framework that is close
to a standalone model by accurately modeling the system
unbalance and by tightly coupling the T&D networks using
an iterative approach. The following specific contributions are
made in this paper.
• A three-phase transmission and distribution system power
flow framework is developed that uses sequence component
load flow to solve the transmission system and a three-phase
unbalance power flow analysis to solve distribution system.
Transmission system model is simulated using MATLAB
while OpenDSS is used to model the distribution system.
• An iterative framework to tightly couple the T&D networks
at each iteration is developed using MATLAB. The proposed
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iterative method results in a co-simulation for T&D system
whose functionalities are comparable to that of the stand-
alone unified models.
• An integration of transmission system operational frame-
work is demonstrated along with the integrated co-
simulation approach by interfacing transmission economic
dispatch program.
• A detailed analysis of convergence characteristics of the
proposed interactive framework is presented by simulating
varying levels of load unbalance in the distribution system.
Furthermore, a case study by simultaneously integrating
three distribution feeders at various transmission system
load nodes and associated convergence characteristics are
detailed. The multiple distribution circuits are solved in
parallel at each iteration of the co-simulation.
II. MODELING THE TRANSMISSION AND DISTRIBUTION
SYSTEMS
The primary objective of this paper is to develop a frame-
work that integrates T&D systems using co-simulation. The
transmission system model in MATLAB includes a detailed
three-sequence network model with a 5-min ahead economic
dispatch formulation solved using alternating current optimal
power flow (ACOPF) model. Economic dispatch is imple-
mented to achieve power balancing. OpenDSS, one of the
commonly used distribution system modeling and analysis
software, is used to simulate the three-phase unbalanced
distribution system.
A. Transmission System Modeling and Analysis
The transmission system has been predominantly modeled
as a three-phase balanced power system and solved using a
positive sequence load flow analysis [11]. Although this is
acceptable in cases where the physical components of the
transmission system are considered three-phase balanced, the
positive-sequence results are inaccurate for the systems sup-
plying unbalanced loads [5]. With the proliferation of DERs
in a largely unbalanced distribution system with large number
of single phase customers, the positive sequence analysis is no
longer adequate. A transmission system model for three-phase
unbalanced analysis is developed using sequence component
model. Note that the three-sequence approach to solve the
transmission system is chosen over the three-phase modeling
for the following reasons:
• The Jacobian matrix calculation and storage is one of the
most important concerns in solving a power flow problem
for larger networks. Using the sequence component method
effectively reduces the size of the Jacobian matrix from
(6Nx6N) in three phase to (2Nx2N) for positive sequence
and two (NxN) for negative and zero sequences [12].
• The positive, negative and zero sequence components in the
sequence component analysis can be solved in parallel.
• The computational time of the load flow problem is sig-
nificantly reduced. This is desirable given the solution
time required to solve and couple a large-scale distribution
system.
The three-sequence transmission power flow operation is
modeled by adopting a sequence power flow model as detailed
in [13]. For the untransposed transmission lines, the sequence
admittance matrix will be full, unsymmetrical and coupled.
Since the mutual coupling in sequence coupled line model is
weak, it is decoupled into three independent sequence circuits
by replacing the off-diagonal elements with the respective
compensation current injections [13]. The decoupled three-
sequence models are solved separately. With the specified
generation fixed at the beginning of the iteration for the pos-
itive sequence model, it is solved using the Newton-Raphson
technique. The negative and zero sequence components of the
system model are solved using linear equations [13].
B. Distribution System Modeling and Analysis
The distribution system three-phase modeling and analysis
is done using OpenDSS, an open source platform designed for
distribution system analysis. It performs power system studies
including power flow, dynamic simulation, harmonic power
flow, fault analysis etc. with simulations at various time-scales
such as snapshot, daily, yearly, dynamic, and duty cycle. There
is a provision in OpenDSS to include DERs at varying levels
of penetrations. This allows to specify DERs’ incremental
capacity along with associated controls and help visualize their
impacts on the distribution system. OpenDSS uses Newton’s
method and Fixed-point method to run three-phase distribution
load flow.
III. INTEGRATED T&D CO-SIMULATION FRAMEWORK
As detailed before, a majority of the recent studies on eval-
uating DER impacts on T&D systems use a decoupled frame-
work where the transmission system is modeled as ideal power
supply for the distribution system analysis and the distribution
system is modeled as lumped loads for the transmission system
analysis [14], [15]. This decoupled framework cannot be used
to visualize the exact convergence properties at the boundary
of the T&D systems. In a few recently proposed co-simulation
models, T&D systems are loosely coupled [16], [9]. These
models exchange the boundary variables in the subsequent
time stamps with the assumption that the changes in power
system are rather slow and the system converges over multiple
time steps. When intending to achieve coordinated control
of T&D systems with faster dynamics, the system boundary
variables convergence should be visualized at every time-step.
Fundamentally, the time stamp must not advance without mak-
ing the boundary variables converge. An iteratively coupled
interacting framework based on ”Co-simulation” is proposed
in this paper to overcome this limitation.
A. Proposed Co-simulation Approach
The iterative framework based on co-simulation gives an
understanding of the T&D system operation as a whole and
eliminates the uncertainties from using the decoupled model
for interaction. A co-simulator is a tool that works on different
set of simulators based on the time synchronization and
execution coordination provided by a master algorithm. Each
simulator is equipped with its own model and a solver that per-
forms desired operations on the model [17]. The simulators are
then coupled by dynamically exchanging their input and output
variables with each other. The co-simulation approach stands
exceptional in its operations compared to other methods of
integrating T&D systems because the individual sub-domains
here are simulated within their native tools and languages. This
makes their modeling easier and more coherent. That said, the
transmission and distribution systems are the simulators of the
co-simulation approach as shown in Fig. 1. The model within
transmission simulator is the IEEE 9 bus system and three
sequence load flow is used as its solver. For the distribution
system simulator, EPRI Ckt 24 system is the model and the
three-phase load flow from OpenDSS is used as its solver.
Fig. 1. The Co-simulation approach to integrate T&D systems
Fig. 2. Iterative framework for the Co-simulation approach at PCC
The sequence components transmission system modeling
and operations are carried out in MATLAB and the modeling
of the three-phase distribution system is done using OpenDSS.
Bus voltages and angles obtained from transmission network
solver and active and reactive power flow obtained from
distribution network solver are interchanged at the PCC. The
solutions obtained from independently solving the models are
then exchanged between the two networks making the output
of the transmission system an input to the distribution system
and vice-versa. Exchanging the solutions follows an iterative
framework as shown in Fig. 2. The time only advances after
the integrated model is solved i.e. when the solutions from the
individual models have converged.
This iterative integrated framework helps us examine the
convergence properties of the boundary variables exchanged
between the two models. The entire co-simulation is coor-
dinated using a master algorithm written in MATLAB. The
timing components and the convergence criteria are specified
in the master algorithm. Also, this co-simulation approach
assists in comprehending both the subsystem level operations
and the convergence at the point of common coupling (PCC).
This leads to a co-simulation model that closely approximates
a stand-alone unified model for the two systems.
B. T&D Interaction Framework and Time-Coordination
To describe the working of the co-simulation approach for
the real-time operation of T&D systems, the load profiles
are modeled in 1-min interval for 24 hrs. The variables of
exchange at the PCC are node voltages obtained from the
transmission system solver and active and reactive power
obtained at the PCC from the distribution system solver. Fig.
3 shows timing diagram used by the co-simulation approach
to couple T&D system operations with time-series simulation.
Fig. 3. Time-series simulation of the integrated T&D system
The algorithm used for the real-time simulation of the
integrated T&D system is as follows:
1) The economic dispatch (ED) OPF formulation runs in every
5 minute discrete interval for 24 hours. At time stamp t=1
of the master algorithm, ED runs to give generator outputs
based on its loading conditions at t=1.
2) At time stamp t=1 of the master algorithm:
a) The results from ED are used for solving transmission
load flow. The sequence component load flow is run
using MATLAB and sequence voltages are obtained.
b) The three sequence voltage at the bus supplying distribu-
tion feeder, termed as PCC, is converted to three-phase
voltages and are provided as an input to the distribution
system source node. The distribution system load flow
runs based on this voltage and gives three-phase active
and reactive power flow at the substation node.
c) The obtained three-phase active and reactive power are
provided to update the transmission system model. A
transmission load flow is then executed and the bus
voltages at all nodes including PCC are updated.
d) Step (b) is repeated until the voltage at PCC obtained at
two successive iterations are within the prespecified error
bound. This ensures convergence of the T&D systems
with least voltage difference at PCC.
3) Once convergence is achieved at time stamp t=1, the master
algorithm created in MATLAB issues a timing signal to
move to the next time stamp. The transmission system uses
its own load shape plot generated every one minute for 24
hrs to get the loading condition at time t=2 and initializes
the load flow. The steps (a) through (d) are repeated every
1-min for next 5 intervals.
4) After 5 time-intervals, go back to Step 1. Since the
forecasted load is available in every 5-min interval, ED
will be simulated every 5-min.
IV. RESULTS AND DISCUSSIONS
A. Simulated Case and Test Set-up
The transmission system used here is the IEEE 9 bus system
with three generators (including the slack bus) at buses 1, 2
and 3, three loads at buses 5, 6 and 8 and three transformers
connected to each of the generators. A 5-min ahead OPF
formulation for economic dispatch is done in this study using
the IEEE 9 bus system. The EPRI Ckt 24 is one of the
real world distribution systems available in OpenDSS. This
circuit has 3885 customers at 34.5 kV system voltage level
with two feeders at the substation bus. The circuit total power
at peak demand is 52.1MW and 11.7 MVARs. Also, Ckt 24
has a large number of single phase and two phase customers
with 87 percent residential loads making the system largely
unbalanced.
Two test systems are used in this paper to check the robust-
ness of the proposed framework. The first test system is created
by replacing the cumulative load point (L6) of the transmission
system as shown in Fig. 4 with Ckt24 distribution system. This
test system is used as a base case scenario to test convergence
at stationary load point with and without distribution load
unbalances. Similarly, another test case system is created by
replacing all the load points, L5, L6 and L8 of the IEEE 9-bus
system by EPRI’s Ckt 24 distribution circuit.
Fig. 4. Test System-2 with multiple distribution feeders
B. Snapshot T&D Co-simulation Test
1) Convergence with single distribution circuit model: The
base case scenario here is Test system-1. This framework
runs at t=1268 (in min) with the static load of 51.7 MW
and 12.3 MVARs. The convergence of the system voltages
over multiple iterations using the co-simulation appraoch is
presented in Table 1. It can be seen from the table that phase
Fig. 5. EPRI Ckt 24 distribution system
voltages obtained from distribution and transmission system
solver converge at the end of iteration 3.
TABLE I
VOLTAGE CONVERGENCE AT T&D PCC (BUS 6) FOR THE SPECIFIED LOAD
CONDITION
Network Phase Iteration 1 Iteration 2 Iteration 3
IEEE 9
Bus
system
Phase A 1.0321 1.0314 1.0312
Phase B 1.0321 1.0314 1.0312
Phase C 1.0320 1.0313 1.0311
Ckt 24
Phase A 1.0299 1.0311 1.0312
Phase B 1.0300 1.0312 1.0312
Phase C 1.0299 1.0299 1.0311
Also, the same test case system is used to present simulation
results with varying levels of distribution load unbalance.
Here the percentage of unbalance in load (α) is varied and
the number of iterations taken (N) for the Test system-1 to
converge is presented in Table II. The system converges in 4
iterations even with 15% load unbalance.
2) Convergence with multiple distribution circuits model:
The test case system-2 is used here for simulation where
all the load points of the transmission system are replaced
by the distribution system. This system is also tested for
convergence with varying levels of load unbalance in the
distribution circuits. The maximum number of iterations taken
for voltages to converge at individual load points and for the
overall system are presented in Table II. For a maximum
of 15% load unbalance, the system takes no more than 8
iterations to converge.
TABLE II
NUMBER OF ITERATIONS FOR CONVERGENCE AT T&D PCC WITH
VARYING LEVELS OF LOAD UNBALANCE
Test % Unbalance Test system-1 Test system-2
cases in loads N (bus 6) N(bus 5) N(bus 6) N (bus 8) Overall N
Case-1 α = 0% 3 3 3 3 3
Case-2 α = 5% 3 3 5 5 5
Case-3 α = 10% 4 4 6 6 6
Case-4 α = 15% 4 5 8 8 8
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Fig. 6. Time-series simulation for Test system-1 with no unbalance - voltage profiles at Bus 6 for 1-hour duration
C. Time-series Simulation and Validation
The time-series simulation is carried out using co-simulation
algorithm as described in Section III-B. This includes an OPF
formulation for the economic dispatch giving generation and
load profile for transmission system operation at every 5-
min interval, and the transmission and distribution system
load flow performed at every 1-min interval for 24 hours.
For the time-series simulation, run every 1-min interval, the
average convergence time is 7.21 sec for Test system-1 with
no load unbalance and 11.78 sec for Test system-2 with load
unbalance, α = 15%. The convergence here is achieved at
the same time stamp which otherwise would be performed in
multiple time stamps with the decoupled system model. Also,
the voltage convergence at the PCC for 1-hour simulation
from t=1245-1305 (in min) is compared against the voltages
obtained at the loads points on solving the decoupled transmis-
sion model. The decoupled transmission model is solved every
5-min. The three-phase voltages obtained at the PCC using the
two models are compared and shown in Fig. 6. The decoupled
model only approximates the trend while the coupled T&D
model obtains the actual voltage profiles.
V. CONCLUSION
In this paper, a real time framework for coupling T&D
system is presented. This framework includes 5 min ahead
ACOPF economic dispatch formulation, three sequence trans-
mission power flow coupled with three phase distribution
power flow using a co-simulation approach. The inherent
complexity of modeling the integrated T&D systems in a
single platform is addressed by iteratively coupling the models
designed in their legacy softwares. This makes the framework
proposed comparable to stand-alone unified models. The idea
of integrating multiple distribution systems to transmission
system load points is proposed and tested. This integrated
T&D framework is a valuable resource for evaluating the
impacts of DER’s on transmission system operations and
understanding the power quality issues that would be difficult
to study on a decoupled model. Also, test cases were simulated
to study the integrated system convergence for varying load
unbalance of the distribution system.
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